Objectives: The aim of this study was to extensively characterize grain workers' personal exposure during work in Norwegian grain elevators and compound feed mills, to identify differences in exposures between the workplaces and seasons, and to study the correlations between different microbial components.
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IntroductIon
Grain dust is generated during threshing and handling of grain. Employees at grain elevators and compound feed mills may be exposed to large amounts of grain dust during work, frequently leading to symptoms of the airways and functional changes such as asthma (Broder et al., 1984) . Acute and short-term effects such as crossshift reduction in lung function and toxic pneumonitis (organic dust toxic syndrome/grain fever) have been observed during a working day (Corey et al., 1982; Dopico et al., 1983; Manfreda et al., 1986; Huy et al., 1991) , and chronic exposure may lead to permanently decreased lung function (Melbostad et al., 1997; Swan and Crook, 1998; Spurzem et al., 2002) .
Grain dust is a heterogeneous mixture of inorganic soil particles, plant fragments, insect and mite body parts, viable and nonviable microorganisms, and their bioactive components such as endotoxins, β-1→3-glucans, and mycotoxins that each may exert health effects (Smith, 1989) . Health effects resulting from grain dust inhalation may, therefore, be more strongly associated with specific microbial components than to the dust level (Creasia et al., 1990; Douwes et al., 2003) .
The presence of endotoxin in grain dust has been frequently reported (Delucca et al., 1984; Simpson et al., 1999; Spaan et al., 2006; Halstensen et al., 2007; Góra et al., 2009) . Chronic reduction in airflow among grain farmers and handlers has been shown to be more closely linked to endotoxin exposure than to dust levels (Zejda et al., 1994; Schwartz et al., 1995) , although several agents may contribute to or modify the inflammatory reaction due to short-term grain dust exposure.
There are fewer publications reporting the exposure level of other microbial components of grain dust. Exposure to cultivable bacteria and fungi based on stationary air sampling have, however, been described in grain elevators (Delucca et al., 1984; Góra et al., 2009 ) and grain terminals (Swan and Crook, 1998) , as well as in the animal feed industry (Smid et al., 1992b) . Personal exposure levels of total bacteria (viable and nonviable) and total fungal spores have been reported for grain farmers (Halstensen et al., 2007) . β-1→3-Glucans have immune-modulating properties and may, therefore, be important exposure components (Rylander and Lin, 2000) , but exposure during grain handling has only been reported in two studies (Eduard et al., 2001; Halstensen et al., 2007) . β-1→3-glucans are often used as fungal markers, but in grain dust, both fungi and grain fragments can be sources of β-1→3-glucan (Halstensen et al., 2007) . These studies show the significance of microbial exposure in the grain industry. However, due to variation in sampling and analytical methods, as well as large variations in health measures, it has been difficult to compare the results of different exposure-response studies. An improved exposure characterization including several exposure components is needed in order to elucidate the associations between exposure and response.
The aim of this study was to characterize grain workers' personal exposure to airborne grain dust, fungal spores, β-1→3-glucans, total bacteria, and endotoxins during work in Norwegian grain elevators and compound feed mills, to identify differences in exposure between workplaces, and to study the correlations between these microbial components at the different workplaces. The study is a part of a cross-sectional study on inflammatory and respiratory effects related to exposure to grain dust and its constituents.
MEtHodS
Sampling strategy
A representative selection of companies handling grain, including grain reception, seed winnowing, grain elevators, and compound feed mills, totaling 52 companies or departments, were invited to participate in the study. Twenty companies agreed to participate and were included in this study. The companies were geographically distributed throughout 20 municipalities in 9 counties in central and southeastern Norway.
Sampling was performed at primarily three different workplaces within the companies: (i) grain elevators, where the grain was loaded into the elevator, sorted, winnowed, dried, rotated, moved, stored, and unloaded; (ii) compound feed mills, where the grain was milled and mixed with other nutrients and pressed into feed pellets, and (iii) transport, that included loading, driving, and unloading of grain and feed. In 11 of the companies, the operators worked in both the grain elevator department and in the compound feed mill department. Samples from workers at these companies were a mixture of airborne dust from both workplaces and were, therefore, grouped separately in a combined grain elevator and compound feed mill group.
Full-shift personal sampling of airborne dust was conducted on two consecutive days on the Industrial exposure to grain dust and microbial components 1107 same persons (73 workers in total). Sampling was done during winter at 7 companies and in the harvesting season at 13 companies. One-day samplings were repeated the next year for 10 of the companies. Five of the companies that were visited the first winter (2008) were also visited the next winter (2009). Five of the companies that were visited in autumn (2008) were also visited the following winter (2009).The resulting collection of samples thus included day-to-day variability, season-to-season variability, and year-to-year variability.
Personal sampling of airborne dust
Personal airborne grain dust samples were collected from the workers' breathing zone. The samples were collected in parallel on preweighed 25-mm polycarbonate (PC) filters with 0.8-µm pore size (Millipore Corporate, Billerica, MA, USA) and on 25-mm glass fiber filters (Millipore) mounted in PAS-6 personal inhalable aerosol sampler cassettes (van der Wal, 1983) using inhouse-manufactured portable pumps (PS101; National Institute of Occupational Health, Oslo, Norway) for 6-8 h with a flow rate of 2 L min -1 .
Sample preparation and analysis of microbial content PC filters were weighed in a conditioned room at 19-21°C and 38-42% relative humidity using a Sartorius AG MC 210p analytical balance (Sartorius AG, Göttingen, Germany) before being transferred to small Petri dishes for further preparation. The glass fiber filters were stored at −20°C in 47-mm micro-petrislides (Millipore). Airborne dust collected on the PC filters was suspended in 5 ml of 0.1% Tween-80 by ultrasound treatment for 3 min in a Sonorex RK 510H ultrasonic bath (Bandelin Electronic GmbH & Co. KG, Berlin, Germany). One aliquot (0.5-1.0 ml) of the dust suspension was stained with acridine orange for quantification of bacteria by epifluorescence microscopy, as previously described (Heldal et al., 1996) . Another aliquot (0.5-1.0 ml) of the dust suspension was filtered on a PC filter with 0.4-µm pore size (Millipore) for quantification of fungal spores by scanning electron microscopy (SEM). Specimens of ~10 × 10 mm were cut from the filters, mounted with carbon tabs on aluminum stubs with diameter 15 mm, and coated with platinum under vacuum (<0.4 mbar) using a Bal-Tec SCD sputter coater (Bal-Tec AG, Balzers, Principality of Lichtenstein). The specimens were examined with a Jeol JSM-6400 (Jeol Ltd, Tokyo, Japan) scanning electron microscope operated at 12 keV at 8-mm working distance. In each sample, spores were counted in 100 fields at ×2000 magnification. The concentration of fungal spores was calculated from the number of spores counted, the area observed by SEM, the area of the whole filter, the spore suspension volume analyzed, the suspension volume of the exposed filter sample, and the volume of the air sample. Endotoxins and β-1→3-glucans were extracted from glass fiber filters and analyzed as previously described (Douwes et al., 1995 (Douwes et al., , 1996 .
Statistical analysis
Exposure variables were skewed to the right and were natural log (ln)-transformed before statistical analysis. In 7 and 38% of the samples, respectively, no bacteria or fungal spores were detected. In order to be able to ln-transform these data before parametric statistical analyses, zero values were substituted by one bacteria or spore divided by the square root of two, followed by filter area observed in the microscope and volume adjustment (Oehlert et al., 1995) .
Personal exposures are presented as geometric means (GMs), geometric standard deviations (GSDs), minimum concentrations (Min.) and maximum concentrations (Max.). Differences in exposure levels between workplaces and between winter and autumn seasons were evaluated using linear mixed-effect regression model analyses. Associations among the exposure variables were described by Pearson's correlation coefficient. To evaluate the contribution of biologically relevant determinants to endotoxin and β-1→3-glucan exposure, linear mixed-effect regression models were constructed with endotoxin exposure or β-1→3-glucan exposure as the dependent variable. Determinants were treated as fixed effects and worker nested in company as random effects. The restricted maximum likelihood algorithm was used to estimate variance components due to the unbalanced nature of the data. Log likelihood tests were used to select the optimal combination of determinants in the multivariable models. The fit of these models was assessed by inspecting the distribution of the residual plots and the plots of standardized residuals versus predicted values. A two-tailed P-value ≤0.05 was considered statistically significant.
In order to quantify the impact of the fixed effects on the between-company (BC), betweenworker (BW), and the within-worker (WW) variance components, values of the variance components (δ 2 ) obtained under the mixed-effect models were compared with those from the random-effects model without fixed effects.
The software package STATA (version 12) for Windows (Stata Corp. LP, Texas, USA) was used for mixed-effect modeling, whereas the software package IBM SPSS (version 20.0) for Windows (IBM SPSS Inc., Chicago, IL, USA) was used for all other statistical analyses.
rESuLtS
Exposure to inhalable grain dust and microbial components
The personal exposure to inhalable grain dust and microbial components is presented in Tables  1 and 2 . Large GSDs were observed within each workplace or season (range 2.0-9.2). The exposure to grain dust was similar across workplaces and seasons. The exposure to all microbial components varied significantly between workplaces, but not across seasons. However, when adjusting for workplace, the microbial exposure varied significantly also across seasons.
Correlations between grain dust and the microbial content of the dust
The grain dust exposure was significantly correlated with exposure to endotoxins (r p = 0.65), β-1→3-glucans (r p = 0.72), bacteria (r p = 0.44), and fungal spores (r p = 0.48; Fig. 1A-C) . Furthermore, the correlations between the specific microbial components were moderate to high (r p = 0.93 between endotoxin and β-1→3-glucan exposure, r p = 0.64 between bacteria and endotoxin exposure, and r p = 0.63 between fungal spore and glucan exposure (all at P < 0.01, Fig. 1D-F) .
Determinants of endotoxin and β-1→3-glucan exposure
Dust and bacteria were strong determinants of endotoxin exposure (Table 3 ). In addition, working in grain elevators was a significant determinant for higher endotoxin exposure, whereas the other workplaces did not contribute significantly. Similarly, dust and fungal spores were strong determinants of glucan exposure. Working in grain elevators, compound feed mills, or grain elevator and compound feed mill combined were all significant determinants for higher glucan exposure (Table 3 ). The fixed-effects determinants in the mixed model reduced the BC, BW, and WW variances of endotoxin exposure by 67, 76, and 39%, respectively, compared with models without fixed effects. Similarly, for β-1→3-glucan, the fixed-effects determinants reduced the BC, BW, and WW of β-1→3-glucan by 89, 90, and 28%, respectively. The fixed effects explained totally 66% of the variance in the endotoxin model and 69% of the variance in the β-1→3-glucan model (Table 3) . Season did not contribute to the explained variance and was not included in the models.
dIScuSSIon
Exposure levels and possible health implications
The overall GM of grain dust exposure in this study, 1.0 mg m ; Halstensen et al., 2007) and those reported from grain industries (GM: 1.1-13.6 mg m −3
; Corey et al., 1982; Huy et al., 1991; Simpson et al., 1999) and animal feed industries in other countries (GM: 1.1-2.4 mg m −3
; Smid et al., 1992b; Spaan et al., 2006) . There have been considerable developments to improve the control of airborne dust and exposure in the grain industry, both in technology and work organization. These measures may have reduced the current grain dust exposure levels (Spankie and Cherrie, 2012) . The relatively low overall mean grain dust exposure level in this study may reflect a similar impact in the Norwegian grain industry. Nevertheless, the exposure level in some measurements was 10-100 times higher than the mean, which clearly exceeded recommended nuisance dust levels. This could imply a risk for an adverse health outcome because a relation between grain dust exposure and lung function decline along with increasing prevalence of respiratory symptoms has been shown even at exposure levels <4 mg m −3 (Enarson et al., 1985; Huy et al., 1991; Smid et al., 1992a; Jorna et al., 1994; Peelen et al., 1996; Post et al., 1998) .
High endotoxin exposure in the grain and animal feed industry, which ranged across workplaces with GM exposure levels from 110 to 1400 endotoxin units (EU) m −3 in this study, is well known, although there are large variations (Smid et al., 1992b; Simpson et al., 1999; Spaan et al., 2006; Halstensen et al., 2007) . Smid et al. (1992b) observed that the endotoxin concentration in the animal feed industry ranged from 0.2 to 1870 ng m −3 inhalable dust (GM: 5.1 ng m −3 , Simpson et al., 1999) and Norwegian grain farmers during threshing (1200 EU m −3 ) and storage work (11 500 EU m −3 ; Halstensen et al., 2007) . A dose-response relationship between endotoxin exposure and the prevalence of self-reported respiratory symptoms has been shown in a cross-sectional study among grain workers where respiratory symptoms, but no cross-shift changes in forced expiratory volume in 1 s (FEV1), were observed after exposure to less than 100 EU m −3 (Schwartz et al., 1995) . The endotoxin exposure levels in this study may thus be sufficiently high for respiratory effects to occur. Exposure to the other microbial components of the grain dust may also influence the health outcome.
Only a few studies from the grain and feed industry have described microbial exposures other than endotoxin exposure. The overall GM exposure for bacteria ) in this study was relatively low compared with grain farmers' exposure during threshing (median 1.2 × 10 6 fungal spores and 3.5 × 10 6 bacteria), storage work (median 6.6 × 10 6 fungal spores and 5 × 10 6 bacteria; Halstensen et al., 2007) , and grain unloading at terminals [~10 7 colony forming units (cfus) m −3 fungi and overall <10 4 cfus m −3 bacteria; Swan and Crook, 1998 ]. It was, however, higher than that observed by stationary sampling with subsequent cultivation of microorganisms in the animal feed industry and in grain elevators in other studies (Delucca et al., 1984; Smid et al., 1992b; Góra et al., 2009) , although cfus are on average one order of magnitude lower than microscopic counts (Eduard and Heederik, 1998) . Góra et al. (2009) ). The combined evidence from human challenge and epidemiological studies fairly consistently support the estimated lowest observed respiratory effect level in nonsensitized individuals of 10 5 spores m −3 of diverse fungal species (Eduard, 2009 ). Compared with this, the exposure level in this study is relatively low, but the exposure level in some grain elevator measurements were about 60 times higher. Toxigenic fungi, however, may have much lower effect levels and may be harmful in other ways than the non-mycotoxin-producing fungi.
The β-1→3-glucan exposure level in the present study (7.4 µg m ; Halstensen et al., 2007) . To our knowledge, this is the first study to report personal β-1→3-glucan exposures levels in the grain industry. Exposure to β-1→3-glucan has been described in the waste industry (Heldal et al., 2003; Wouters et al., 2006; Cyprowski et al., 2011; Sykes et al., 2011) , in wastewater treatment plants (Cyprowski Table 3 . Linear mixed-effect models of ln-transformed endotoxin and β-1→3-glucan exposure levels in the grain and compound feed industry. et al., 2011) , in sawmills (Douwes et al., 2000) , and in different branches of the agricultural industry (Eduard et al., 2001; Roy and Thorne, 2003; Samadi et al., 2009) . All but one subgroup of planing mill operators in the sawmill industry had a GM exposure level <5 µg m −3
, but the exposure variations were high. Although β-1→3-glucans may have immune-modulating properties and have been suggested to play a causal role in the respiratory symptoms associated with fungal exposure, the exposure-response association is not completely elucidated (Douwes, 2005) .
Seasonal variation in exposure levels
As the microbial content of the grain dust is basically a reflection of the weather-dependent growth conditions on the field, the amount and the specific composition of bacterial and fungal species may differ from year to year. In the autumn, the grain elevators receive large amounts of newly harvested grain, some of which must be dried before further storage or processing. In contrast, grain received during winter time has already been dried, if the grain is either delivered by local farmers or imported. The work activities are otherwise roughly similar throughout the year. The fact that the differences in dust or microbial exposure across seasons were statistically significant only when taking the workplace into consideration suggests that the exposure at various workplaces varies across seasons. Seasonal variation may thus play a role in the workplace exposure. Few others have studied the seasonal variation of exposure to grain dust and its microbial components. Delucca and Palmgren (1987) found the overall airborne bacterial concentration to be similar across seasons, but the predominant species varied depending on the seasonal temperature.
Relationships between grain dust and microbial components and implications for exposure assessment in the grain industry
The concentrations of bacteria and endotoxins, as well as that of fungal spores and β-1→3-glucans, were strongly correlated. In addition, the grain dust explained significant proportions of the variances of endotoxins and β-1→3-glucans, probably by representing endotoxins released from disintegrated bacteria and other glucan sources such as fungal hyphae and grain plant fragments, respectively. The correlation between the biologically unrelated endotoxin and β-1→3-glucan was so strong that the presence of one could predict the presence of the other component, regardless of workplace. This may, however, not be universal but characteristic to the grain industry, as a similarly strong correlation was found on Norwegian grain farms (r p = 0.86; Halstensen et al., unpublished data) , whereas no such correlation was found in the waste industry (r s = 0.04, Heldal et al., unpublished data) .
The exposure to each microbial component is related to both the content of the components in the dust and the dust exposure. The dust exposure level may be representative for the microbial exposure levels if they are highly correlated. Correlations between the microbial exposure levels and the grain dust exposure levels varied from 0.44 to 0.72 across microbial components in this study. Although correlated, the endotoxin and glucan content varied by 10-to 100-fold at the same dust concentrations. This implies that using dust exposure levels as a proxy to assess exposure to endotoxin and β-1→3-glucan will be associated with considerably uncertainty at the individual level. However, in epidemiological studies, these associations represent confounding problems if only exposure to one of the correlated agents is measured. The correlation between glucans and endotoxins is of particular concern because of its strength (r = 0.93), and because these agents are biologically unrelated. In comparison, Swan et al. (2007) found high correlations between dust and endotoxin in samples from grain dock workers (r = 0.98; Swan et al., 2007) , whereas Smid et al. (1992b) reported that the inhalable endotoxin concentration was more strongly correlated with the number of fungal cfus than with dust concentrations in animal feed mills. The proportion of microbial components in grain dust may differ among workplaces and tasks, in addition to being dependent on factors such as technology and production line. Dust from animal feed production may also contain other inorganic components, and the proportion of microbial components in this dust may be different in dust from grain elevators. The correlation between dust and microbial components may thus be highly variable.
Although bacteria or fungal spores were significant determinants for endotoxins and glucans, dust and workplace contributed more in explaining the exposure variability. For correct risk assessment, a detailed exposure assessment strategy differentiating between workplaces and measuring both dust and the microbial content is thus important. Furthermore, the microbial contents of the grain dust are likely to change rapidly as different grains run through the plant line. It may therefore be necessary to monitor microbial content regularly for exposure control.
Because microbial exposure is dependent on the workplace, exposure at different workplaces should be assessed separately. When the determinants of exposure in these workplaces are known, workplace-adapted dust-reducing measures can be evaluated. Several others have observed that exposure levels are related to job titles or tasks (Smid et al., 1992b; Simpson et al., 1999) . It is therefore necessary in the future to characterize task-dependent exposure differences for each workplace in order to be able to identify the exposure-reducing measures that should be taken.
concLuSIon
Although the grain dust exposure was low in this study, microbial exposure was sufficiently high to exceed health-based recommended values.
The dust exposure levels were similar across workplaces and season. However, the microbial exposure levels varied between grain elevators, compound feed mills, combined grain elevators and compound feed mills, and transport work. The exposure levels at different workplaces should therefore be assessed separately. The microbial content and knowledge of health effects of the microbial components should be considered in health risk evaluations of these workplaces.
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